In the analysis of protein-coding nucleotide sequences, the ratio of the number of nonsynonymous substitutions to that of synonymous substitutions (d N /d S ) is used as an indicator for the direction and magnitude of natural selection operating at the amino acid sequence level. The d S and d N values are estimated based on the comparison of homologous codons, which are often identified by converting (reverse-translating) aligned amino acid sequences into codon sequences. In this method, however, homologous codons may be mis-identified when frame-shifts occurred or amino acid sequences were mis-aligned, which may lead to overestimation of the d N /d S ratio. Here the effect of reverse-translating aligned amino acid sequences on the estimation of d N /d S ratio was examined through a large-scale analysis of protein-coding nucleotide sequences from vertebrate species. Apparently, 1-9% of codon sites that were identified as homologous with reverse-translation contained non-homologous codons, where the d N /d S ratio was unduly high. By correcting the d N /d S ratio for these codon sites, it was inferred that the ratio was 5-43% overestimated with reverse-translation. These results suggest that caution should be exerted in the study of natural selection using the d N /d S ratio by reverse-translating aligned amino acid sequences.
INTRODUCTION
Point mutations occurring in protein-coding nucleotide sequences are synonymous or nonsynonymous according to whether they retain or alter coding amino acids, respectively (Miyata and Yasunaga, 1980; Perler et al., 1980) . Synonymous mutations are considered to be selectively neutral or nearly neutral, where the rate of synonymous substitution (r S ) may reflect the mutation rate. In contrast, nonsynonymous mutations are considered to be subject to natural selection operating at the amino acid sequence level. Since fixation probabilities of advantageous and deleterious mutations are higher and lower than that of neutral mutations, respectively, the rate of nonsynonymous substitution (r N ) may be greater and smaller than the mutation rate when positive and negative selection operates, respectively. Therefore, natural selection can be detected by comparing r S and r N , where r S < r N , r S > r N , and r S = r N indicate positive, negative, and no selection, respectively (Kimura, 1977) .
The comparison of r S and r N can be performed by comparing the numbers of synonymous (d S ) and nonsynonymous (d N ) substitutions that have accumulated during the same evolutionary time period (t), because it is expected that d S = r S t and d N = r N t (Hughes and Nei, 1988) . The nonsynonymous/synonymous rate ratio (r N /r S ) is estimated by d N /d S , which reflects the direction and magnitude of natural selection. In haploid organisms, d N /d S = 2N e s/(1 -e -2N e s ), where N e and s denote the effective population size and the selection coefficient, respectively (Nielsen and Yang, 2003) . The estimation of d S and d N is based on the comparison of homologous codons (Nei and Kumar, 2000; Suzuki and Gojobori, 2003) . In the real data analysis, homologous codons are often identified by making a multiple alignment of amino acid sequences and converting it into codon sequences (Suyama et al., 2006; Wong et al., 2008; Schneider et al., 2009; Fletcher and Yang, 2010) . This conversion process is called reverse-translation in this paper. The alignment of codon sequences obtained is usually treated as an observation without errors (Wong et al., 2008) .
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The above approach, however, appears to contain problems that may result in mis-identification of homologous codons. First, it is implicitly assumed that the unit of insertions and deletions (indels) in protein-coding nucleotide sequences is the codon (Fletcher and Yang, 2010) , which is not always the case in reality because frameshifts can occur at least partially (Mills et al., 2006) . When a frame-shift occurs at some codons in a sequence, they are no longer homologous to codons in other sequences. Yet, non-homologous codons may be identified as homologous in the above approach, because it is difficult to infer the occurrence of frame-shifts only from the comparison of amino acid sequences. Second, even when the unit of indels was the codon, aligning amino acid sequences itself is not always easy, and non-homologous amino acids may be aligned especially at variable sites, which may lead to mis-identification of homologous codons (Liu et al., 2009; Fletcher and Yang, 2010) . It has been reported that excluding the sites with gaps from the alignment of amino acid sequences was insufficient to reduce alignment errors in the real data analysis, suggesting that mis-alignment of amino acid sequences may be common (Wong et al., 2008; Fletcher and Yang, 2010) .
In general, majority of amino acid sites in proteins are under functional constraint with d N /d S < 1 (Suzuki and Gojobori, 2001; Suzuki, 2006) . However, the d N /d S ratio is known to be inflated at mis-aligned codon sites (Wong et al., 2008; Mallick et al., 2009; Schneider et al., 2009) . It has also been reported that as more non-homologous codons are aligned, more amino acid sites are falsely identified as positively selected (Vamathevan et al., 2008; Wong et al., 2008; Mallick et al., 2009; Schneider et al., 2009; Fletcher and Yang, 2010) . The purpose of the present study was to examine the effect of reverse-translating aligned amino acid sequences on the estimation of d N /d S ratio, through a large-scale analysis of protein-coding nucleotide sequences from vertebrate species. (Nei et al., 2010) were retrieved from Ensembl Genes 57 through BioMart (Durinck et al., 2005) . Distantly related species, such as chicken, frog, and zebrafish, were included in the analysis of d N /d S ratio in the present study for the following reasons. First, the d S and d N values did not appear to be saturated but increased linearly along with time for these species (Nei et al., 2010) . Second, even for distantly related species, the d S and d N values are considered to be estimated reliably when the number of codon sites analyzed is relatively large (Nei and Kumar, 2000) . Third, natural selection has been detected based on the d N /d S ratio even when distantly related species, such as chicken and frog, were included (Uddin et al., 2008; Goodman et al., 2009; Goodman and Sterner, 2010) .
MATERIALS AND METHODS

Sequence data
The possible orthology data for human sequences to sequences of other vertebrate species were also available in BioMart. It should be noted, however, that the possible orthology data in BioMart were generated based on the topology of the phylogenetic tree constructed from the multiple alignment of nucleotide sequences that was obtained by reverse-translating aligned amino acid sequences (Vilella et al., 2009) . If homologous nucleotides were mis-identified in this process, the number of nucleotide substitutions may be overestimated for some pairs of sequences, which may result in construction of incorrect topology. It was therefore possible that orthologues were identified as paralogues, and vice versa. Although the identification of paralogues as orthologues may be problematic in the present study, the probability for the occurrence of mis-identification appears to be small, because it is unlikely that a particular topology (species tree) is generated by random effects. In addition, the probability may be further reduced by focusing only on one-to-one possible orthologues between species.
Data processing Using the possible orthology data, a list of one-to-one possible orthologues was generated between human and other vertebrate species. Nine lists of one-to-one possible orthologues obtained were combined using human sequences as the reference, to generate 4,313 sets of possible orthologues that were shared by 10 vertebrate species. The sets of possible orthologues whose member sequence contained a premature termination codon or an ambiguous nucleotide were discarded, and 3,878 sets of possible orthologues were retained for the next step.
For each of 3,878 sets of possible orthologues, multiple alignments of amino acid and nucleotide sequences for 10 vertebrate species were made by using the computer program CLUSTAL W (version 1.8) (Thompson et al., 1994) with the default parameter settings. The alignment of amino acid sequences was reverse-translated into codon sequences, and the alignment of codon sequences obtained was compared with the alignment of nucleotide sequences. The codon sites that were aligned consistently in these alignments for all of 10 vertebrate species (class-1 codon sites) were extracted to construct another alignment of codon sequences. It should be noted that the class-1 sites represent the codon sites that were aligned consistently using the amino acid and nucleotide sequences. The sets of possible orthologues for which the number of class-1 codon sites was < 100 were discarded to reduce the possibility that they do not encode a real protein, and 3,325 sets of possible orthologues were retained for the next step.
For each of 3,325 sets of possible orthologues, two alignments of codon sequences generated above, by reverse-translating aligned amino acid sequences and by extracting class-1 sites, were used for estimating the d S and d N values between human and other vertebrate species by the method of Nei and Gojobori (1986) taking into account the transition/transversion rate ratio (Kondo et al., 1993; Zhang et al., 1998; Suzuki et al., 2009) , which has been estimated to be 4 in mammals (Rosenberg et al., 2003; Jiang and Zhao, 2006; Zhang et al., 2007) . The codon sites shared by all of 10 vertebrate species without gaps were used for the estimation. The sets of possible orthologues for which the d S or d N value between human and any of other vertebrate species was incalculable were discarded to reduce the possibility that they contained paralogous sequences. Finally, the remaining 3,222 sets of possible orthologues were considered as orthologues and used for the analysis of d N /d S ratio.
Analysis of d N /d S ratio
Two alignments of codon sequences generated above, by reverse-translating aligned amino acid sequences and by extracting class-1 sites, were concatenated, after eliminating the codon sites with gaps, for 3,222 sets of orthologues to make the alignments of codon sequences with 1,318,081 codon sites and 1,128,326 codon sites, respectively. Using these alignments, the d S and d N values as well as the d N /d S ratio were estimated between human and other vertebrate species, as described above. It should be noted that the effect of natural selection is positively correlated with the effective population size of organisms (Kimura, 1983) . Therefore, the difference in the d N /d S ratio observed above appears to reflect the fact that effective population sizes of primates are smaller than those of other vertebrate species analyzed in the present study. In fact, the effective population size has been estimated to be ~10,000 for human (Takahata, 1993) , ~25,000 for chimpanzee (Won and Hey, 2005) , ~15,000 for orangutan (Becquet and Przeworski, 2007) , and ~25,000 for macaque (Bonhomme et al., 2009) , which are smaller than the estimates of ~400,000 for mouse (Geraldes et al., 2008) and ~90,000 for cow (MacEachern d N /d S ratio by extracting the codon sites aligned consistently using the amino acid and nucleotide sequences In the above analysis, the alignment of codon sequences was constructed by reverse-translating aligned amino acid sequences. In this method, however, non-homologous codons may be aligned when frame-shifts occurred or amino acid sequences were mis-aligned, which may lead to overestimation of the d N /d S ratio, as discussed above. It may be difficult to measure the degree of overestimation accurately in the real data analysis, because the correct alignment of codon sequences is usually unknown. However, the codon sites that are a Alignment of codon sequences was constructed by reverse-translating aligned amino acid sequences. b Alignment of codon sequences was constructed by extracting the codon sites that were aligned consistently using the amino acid and nucleotide sequences for all of 10 vertebrate species. c Codon sites that were aligned inconsistently using the amino acid and nucleotide sequences for any of 10 vertebrate species but consistently for the pairwise comparison of human and other vertebrate species. d Codon sites that were aligned inconsistently using the amino acid and nucleotide sequences for the pairwise comparison of human and other vertebrate species. e Proportions of sites and differences in the alignment of codon sequences constructed by reverse-translating aligned amino acid sequences. f Standard errors were mostly more than two orders of magnitude smaller than the estimates. aligned consistently using the amino acid and nucleotide sequences for all of 10 vertebrate species (class-1 codon sites) may be more likely to be composed of homologous codons than those that are aligned inconsistently for any of 10 vertebrate species (class-2 codon sites).
RESULTS AND DISCUSSION
Therefore, another alignment of codon sequences was constructed by extracting the class-1 sites, and the d S and d N values as well as the d N /d S ratio were estimated between human and other vertebrate species (Table 1) . Compared to the case for reverse-translating aligned amino acid sequences, the d N /d S ratio for the class-1 sites dropped to 0.154-0.171 between human and other primates and 0.0997-0.171 between human and nonprimate mammals and non-mammalian vertebrates. These results indicate that the d N /d S ratio was large for the class-2 sites. However, it should be noted that the codon sites under weak functional constraint or positive selection, where the d N /d S ratio is intrinsically high, are more difficult to be aligned compared to those under strong functional constraint, where the d N /d S ratio is low (Liu et al., 2009; Fletcher and Yang, 2010) . Therefore, the large d N /d S ratio for the class-2 sites may be due to mis-alignment of homologous codons or intrinsically high
Overestimation of d N /d S ratio by reverse-translation of aligned amino acid sequences To distinguish the above possibilities, the class-2 codon sites were further classified into those that were aligned consistently (class-2-1 codon sites) and inconsistently (class-2-2 codon sites) using the amino acid and nucleotide sequences for the pairwise comparison of human and other vertebrate species. The d S and d N values as well as the d N /d S ratio were estimated for these classes of sites separately (Table  1) . For the class-2-1 sites, the d S value was similar to that obtained for the class-1 sites, which were considered to be composed of homologous codons, suggesting that the codons in the class-2-1 sites were largely homologous. However, the d N /d S ratio for the class-2-1 sites was greater than that for the class-1 sites, indicating that the former and latter sites were relatively variable and conservative at the amino acid sequence level, respectively. In contrast, for the class-2-2 sites, the d S value was much greater than that for the class-1 and class-2-1 sites, suggesting that non-homologous codons were included in this class of sites. The d N /d S ratio for the class-2-2 sites was also unduly high.
It should be noted, however, that the proportion of class-2-2 sites in the entire alignment of codon sequences constructed by reverse-translating aligned amino acid sequences was only 1-9% (Table 2 ). The proportion appeared to be positively correlated with the sequence divergence between vertebrate species, reflecting the fact that aligning sequences is more difficult when sequences are more variable (Liu et al., 2009; Fletcher and Yang, 2010) . To examine the effect of class-2-2 sites on the estimation of d N /d S ratio, the actual ratio for the entire alignment was estimated by correcting the ratio for the class-2-2 sites, under the assumption that the ratio for this class of sites was similar to that for the class-2-1 sites. This assumption is based on the fact that class-2-1 sites in some pairs of vertebrate species may be classified as class-2-2 sites in other pairs, and vice versa. It was observed that the d N /d S ratio obtained without correction was 5-43% greater than that obtained with correction ( Table 1 ). The uncorrected ratio was still 0.3-39% greater than the corrected ratio even when the d N /d S ratio for the class-2-2 sites was assumed to be twice as great as that for the class-2-1 sites (data not shown). The degree of overestimation for the d N /d S ratio appeared to be positively correlated with the ratios of the numbers of synonymous and nonsynonymous differences for the class-2-2 sites to those for other classes of sites (Table 2) .
These results suggest that even if the proportion of misaligned codon sites is small, they cause significant overestimation of the d N /d S ratio for the entire alignment of codon sequences constructed by reverse-translating aligned amino acid sequences (Wong et al., 2008; Mallick et al., 2009; Schneider et al., 2009 ). These codon sites may also be falsely identified as positively selected (Vamathevan et al., 2008; Wong et al., 2008; Mallick et al., 2009; Schneider et al., 2009; Fletcher and Yang, 2010) . Therefore, caution should be exerted in the study of natural selection using the d N /d S ratio by reverse-translating aligned amino acid sequences. It may be necessary to add information from nucleotide sequences to that from amino acid sequences for constructing reliable alignments of codon sequences (Fletcher and Yang, 2010) . In addition, since the alignment of codon sequences is not an observation but an inference, it may also be useful to take into account alignment errors for obtaining reliable estimates of the d N /d S ratio (Wong et al., 2008) .
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